Telomeres are found at the end of chromosomes and are important for chromosome stability. Here we describe a specific telomere-associated protein: TZAP (telomeric zinc finger-associated protein). TZAP binds preferentially to long telomeres that have a low concentration of shelterin complex, competing with the telomeric-repeat binding factors TRF1 and TRF2. When localized at telomeres, TZAP triggers a process known as telomere trimming, which results in the rapid deletion of telomeric repeats. On the basis of these results, we propose a model for telomere length regulation in mammalian cells: The reduced concentration of the shelterin complex at long telomeres results in TZAP binding and initiation of telomere trimming. Binding of TZAP to long telomeres represents the switch that triggers telomere trimming, setting the upper limit of telomere length.
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Telomeres are found at the end of chromosomes and are important for chromosome stability. Here we describe a specific telomere-associated protein: TZAP (telomeric zinc finger-associated protein). TZAP binds preferentially to long telomeres that have a low concentration of shelterin complex, competing with the telomeric-repeat binding factors TRF1 and TRF2. When localized at telomeres, TZAP triggers a process known as telomere trimming, which results in the rapid deletion of telomeric repeats. On the basis of these results, we propose a model for telomere length regulation in mammalian cells: The reduced concentration of the shelterin complex at long telomeres results in TZAP binding and initiation of telomere trimming. Binding of TZAP to long telomeres represents the switch that triggers telomere trimming, setting the upper limit of telomere length.
T elomere length homeostasis is essential for proper cellular function (1) (2) (3) . The telomere proteome consists of~200 proteins that have been associated with different aspects of telomere biology, including telomere protection, telomeric DNA synthesis, and telomere elongation (4) (5) (6) (7) (8) . Here we describe the characterization of the Kruppel-like zinc finger protein ZBTB48 as a telomere-associated factor involved in telomere length regulation. On the basis of the telomerespecific localization of ZBTB48 (Fig. 1 , A to C, and fig. S1 , A to C), we renamed this factor as telomeric zinc finger-associated protein (TZAP). TZAP bound to telomeres in telomerase-positive cells as well as telomerase-negative cells (Fig. 1, A and B,  and fig. S1 , A to C). Using a rabbit polyclonal antibody raised against human TZAP, we confirmed that endogenous TZAP resides at telomeres (Fig. 1B) . The specificity of this antibody was verified using TZAP −/− U2OS clones generated by CRISPR-Cas9 genome editing (Fig. 1B and fig. S1 , D to F). Using chromatin immunoprecipitation (ChIP) followed by next-generation sequencing (ChIP-seq), we confirmed that the level of TZAP association with telomeres in U2OS cells is comparable to that of TRF1 (Fig. 1C) . Notably, TZAP was not significantly enriched at any genetic locus other than telomeres in U2OS cells. To date, the only proteins known to exclusively and specifically associate with TTAGGG are the components of the shelterin complex. Our data indicate that TZAP binds to telomeres independently of the shelterin complex, as shown by the fact that it does not interact with members of this complex (Fig. 1D and fig. S1 , G and H) and by its localization to telomeres in shelterin-free mouse embryonic fibroblasts (MEFs) (9) (Fig. 1E and fig. S1I ).
To test whether TZAP binds directly to TTAGGG repeats, we used a domain-swap approach aimed at assessing whether the zinc finger domains of TZAP could replace the DNA binding domain ) ( Fig. 2A ). As expected, in TRF2-null conditions [4-hydroxytamoxifen (+OHT)], fulllength TRF2 localized at telomeres, whereas the TRF2 DMyb allele did not (Fig. 2B ). The TRF2 chimera allele localized at telomeres (Fig. 2B ) and functionally complemented the loss of TRF2 in suppressing chromosome end-to-end fusions (Fig. 2 , C and D). Next, using an array of truncation mutants, we found that the three terminal zinc finger domains of TZAP (Znf [9] [10] [11] ) were both required and sufficient for telomeric localization ( Fig. 2E and figs. S2, E to I, and S3, A to D). Finally, using purified recombinant TZAP znf9-11 harboring a Hi6xs-MBP tag ( Fig. 2F and fig. S3E ), we carried out an electrophoretic mobility shift assay to show that TZAP znf9-11 exhibited binding affinity specific to dsTTAGGG repeats in vitro ( Fig. 2F and fig. S3F ). Thus, TZAP is a telomereassociated protein that directly binds dsTTAGGG repeats via zinc finger domains. We next explored whether TZAP and TRFs compete for localization to telomeres. To test this hypothesis, we generated a U2OS cell line with doxycycline-inducible expression of FLAG-TZAP (Flp-IN T-REX FLAG-TZAP) (Fig. 3A) . Overexpression of TRF2 in these cells caused a large reduction in the localization of TZAP to telomeres (Fig. 3, A to C) . In contrast, induction of TZAP did not affect the localization of TRF2 to telomeres ( fig. S4A ). We confirmed these data in MEFs and found that TRF2 overexpression displaced TZAP ( fig. S4 , D to F) as well as the TRF2 Znc1-11 chimera (Fig. 3, D and E, and fig. S4B ) but not the shelterin component TRF1. Quantification of the protein levels of shelterin show that the abundance of this complex does not change in relation to telomere length (10) . As a result, cells with long telomeres have a lower density of the shelterin complex compared with cells that have shorter telomeres, a difference that is not detected by ChIP (11) . We therefore tested whether TZAP preferentially binds long telomeres with low shelterin density. To test this hypothesis, we transduced two subclones of HeLa cells that differ in telomere length: (i) HeLa VST (very short telomeres), with an average telomere length of 5 kb, and (ii) HeLa 1.2.11, with longer telomeres (~20 kb). Although TZAP readily localized to telomeres in HeLa 1.2.11 cells, no distinguishable TZAP localization was detected in HeLa VST cells (Fig. 3, F and G) . In agreement with this finding, an inverse correlation between telomere length and TZAP localization at telomeres was observed in a wide array of cell lines, independently of their transformation status, mode of telomere length regulation, and species of origin ( fig. S5, A and B) .
On the basis of its localization at long telomeres, we reasoned that TZAP might play a role in telomere length regulation. progressive reduction in telomere length (Fig. 4A) that culminated in the accumulation of telomerefree chromosome ends (Fig. 4, D and E) . Because U2OS cells lack telomerase, these data suggest that TZAP promotes rapid deletion of telomeres, a mechanism of telomere length regulation identified in yeast (12) and conserved in plants (13) and mammals (14) (15) (16) . Telomere trimming involves the deletion of the secondary telomeric structures known as T-loops (17), leading to telomere shortening and accumulation of extra chromosomal telomeric DNA (ECT-DNA) (14) (15) (16) . TZAP overexpression resulted in the accumulation of ECT-DNA, as shown by single-stranded C-circle assay (C-circle), telomeric circle (T-circle) assay, and two-dimensional gels (18) (19) (20) (Fig. 4, B and C, and fig. S6, A, D fig. S7, A and B) . These TZAP −/− cells showed significant telomere elongation, as measured by telomere restriction fragment analysis and quantitative fluorescence in situ hybridization (Q-FISH) (Fig. 4) . Complementation of three independent TZAP −/− mES clones with exogenous TZAP restored telomere length back to the lower threshold ( Fig. 4F and fig. S7H ). When measuring C-circle abundance, we found that four out of five independent TZAP −/− clonal cell lines show reduced levels of ECT-DNA ( fig. S7, D and E ).
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In conclusion, we propose a model for the function of TZAP at telomeres in which TZAP is preferentially recruited to long telomeres containing reduced concentration of the shelterin complex ( fig. S8 ). In these settings, the binding of TZAP to telomeres initiates telomere trimming, a process that prevents the accumulation of aberrantly long telomeres. In agreement with our data, Tzap was recently identified as a down-regulated gene in mouse ES cells characterized by extremely long telomeres (21) . Additional factors are likely to modulate the function of TZAP at telomeres, as suggested by the fact that TZAP-mediated telomere trimming is exacerbated in ALT-positive cells. The discovery of mechanisms that control telomere elongation explains how mammalian cells bypass the end-replication problem. This study provides insight into the mechanisms that control the upper limit of telomere length, a key determinant of life span and cancer susceptibility across mammalian species (22) .
